"Bird-like sex chromosomes of platypus imply recent origin of mammal sex chromosomes
In therian mammals (placentals and marsupials), sex is determined by an XX female: XY male system, in which a gene (SRY) on the Y affects male determination. There is no equivalent in other amniotes, although some taxa (notably birds and snakes) have differentiated sex chromosomes. Birds have a ZW female: ZZ male system with no homology with mammal sex chromosomes, in which dosage of a Z-borne gene (possibly DMRT1) affects male determination. As the most basal mammal group, the egg-laying monotremes are ideal for determining how the therian XY system evolved. The platypus has an extraordinary sex chromosome complex, in which five X and five Y chromosomes pair in a translocation chain of alternating X and Y chromosomes. We used physical mapping to identify genes on the pairing regions between adjacent X and Y chromosomes. Most significantly, comparative mapping shows that, contrary to earlier reports, there is no homology between the platypus and therian X chromosomes. Orthologs of genes in the conserved region of the human X (including SOX3, the gene from which SRY evolved) all map to platypus chromosome 6, which therefore represents the ancestral autosome from which the therian X and Y pair derived. Rather, the platypus X chromosomes have substantial homology with the bird Z chromosome (including DMRT1) and to segments syntenic with this region in the human genome. Thus, platypus sex chromosomes have strong homology with bird, but not to therian sex chromosomes, implying that the therian X and Y chromosomes (and the SRY gene) evolved from an autosomal pair after the divergence of monotremes only 166 million years ago. Therefore, the therian X and Y are more than 145 million years younger than previously thought.
In mammals, with a few notable exceptions, sex is determined by an XX female:XY male sex chromosome system in which the Y chromosome bears the male-dominant testis-determining gene SRY. The X chromosome of most placental mammals has a virtually identical gene content, whereas the degenerate Y chromosome contains overlapping subsets of only a few active genes (for review, see Graves 2006) . Marsupial mammals have a smaller X and Y that represent an ancestral therian mammal sex pair and define the ancient region of the human sex chromosomes. The mammal X and Y evolved from a pair of autosomes after the proto-Y acquired a male-determining gene, X-Y recombination between male-advantage genes was suppressed, and the Y degenerated (Charlesworth et al. 2005; Fraser and Heitman 2005; Graves 2006 ). Mapping orthologs of mammal X-borne genes in other vertebrates will help our understanding of how the mammal XY and the sex-determining (SRY) gene evolved, and also how they function.
In other amniotes (reptiles and birds), sex is determined by a variety of different mechanisms that belong in two broad classes: genetic or environmental, although recent data show that some species combine both (Quinn et al. 2007) . Genetic sex determination is the most widespread within lineages and commonly involves a pair of differentiated sex chromosomes (for review, see Ezaz et al. 2006) . Sex chromosomes are named XY when the heterogametic sex is the male (female XX and male XY as in mammals) and ZW when heterogametic sex is the female (female ZW and male ZZ as in birds or snakes).
Amniote XY and ZW sex chromosome pairs are superficially similar. The paired chromosome (X or Z) in the homogametic sex is generally well conserved, large, and gene-rich, whereas the sex-specific Y or W is usually small, heterochromatic, and almost devoid of active genes. However, comparative gene mapping shows that the sex chromosomes of mammals (XY), birds (ZW), and snakes (ZW) are entirely nonhomologous, implying that they evolved from different pairs of autosomes (Fridolfsson et al. 1998; Nanda et al. 2000; Graves and Shetty 2001; Kohn et al. 2004; Matsubara et al. 2006) . The sex-determining gene that initiates testis development is also different; for instance, there is no SRY in non-mammal vertebrates, and sex determination in birds seems to be largely controlled by dosage of a Z-borne gene (possibly DMRT1) (Raymond et al. 1999 ) rather than a maledominant gene. The similarities shared by sex chromosomes are thus the results of convergent evolutionary forces in different vertebrate lineages. The acquisition of a sex-determining gene on one member of an autosome pair and the accumulation of sex-specific alleles nearby were followed by suppression of recombination between the new proto-sex chromosomes, which resulted in vulnerability to mutation and deletions of the sex-specific chromosome (Y or W) and, therefore, its degradation (Charlesworth and Charlesworth 2000; Charlesworth et al. 2005; Fraser and Heitman 2005; Steinemann and Steinemann 2005; Graves 2006 ).
The original autosome from which the mammal X and Y diverged can be deduced from the relationship of the X pair to other vertebrate sex chromosome systems. The short arm of chromosome 4 in the chicken (Gallus gallus [GGA] ) and several autosomal regions in fish share genes with the mammal X, and thus represent this ancestral autosome. How this genomic region took over a sex-determining function from an ancestral temperaturedetermining system, or from nonhomologous ancestral sex chromosomes, demands exploration of the sex-determining system of the most basal mammal group, the monotremes. Monotremes diverged ∼165 million years ago (Mya) from therian mammals (placentals and marsupials) and therefore fall in the phylogenetic tree between birds/reptiles and therians (Van Rheede et al. 2006; Bininda-Emonds et al. 2007 ). Monotremes, represented only by the duck-billed platypus Ornithorhynchus anatinus and the echidnas (four species), display a fascinating mixture of mammalian and avian/reptilian morphological, physiological, and karyological features and have a unique reproductive system that combines egg-laying with lactation (for review, see .
Monotremes have long been known to possess a complex male heterogametic system in which multiple X and Y chromosomes form a chain at male meiosis (Bick and Sharman 1975; Murtagh 1977; Wrigley and Graves 1988) . Recently, individual X and Y chromosomes were identified by chromosome painting ). The male was discovered to have 10 unpaired chromosomes that included five male-specific Y chromosomes and five X chromosomes; the female possesses two copies of the five Xs. In male meiosis, the 10 sex chromosomes form an alternating XY chain, X 1 Y 1 X 2 Y 2 X 3 Y 3 X 4 Y 4 X 5 Y 5 , unique in vertebrates (for review, see Grützner et al. 2006) . These 10 chromosomes pair and recombine in pseudoautosomal regions at the termini of adjacent X and Y chromosomes.
Little is known about the gene content of the 10 platypus sex chromosomes, but the few available data are extremely striking. Early comparative mapping using radioactive in situ hybridization with heterologous probes suggested that X 1 , located at one end of the chain, shared homology with the ancient part of the mammalian X (Watson et al. 1990; Wilcox et al. 1996; Mitchell et al. 1998 ; but see also Waters et al. 2005) . At the other end of the chain, fluorescent in situ hybridization (FISH) of a large insert BAC-clone showed that X 5 contained the Z-borne putative bird sex-determination gene DMRT1 El-Mogharbel et al. 2007 ). This suggested that the monotreme meiotic chain has homology with the therian XY system at one end and to the bird ZW system at the other, and represents an evolutionary link between two systems that were previously thought to have evolved independently Ezaz et al. 2006) . The identity of the platypus sex-determining gene remains mysterious. Many efforts to identify a platypus homolog of the therian testis-determining gene SRY proved fruitless .
Progress in platypus genome sequencing and the availability of BAC clones whose gene content can be identified from the database now allow us to partially characterize the gene content of X specific regions and identify genes on the pairing regions between adjacent X and Y chromosomes. We have also tested the hypotheses that platypus sex chromosomes share homology with both the mammal XY and the bird ZW systems. In complete contradiction to early data, we find that the 10 sex chromosomes of platypus share no homology with the ancestral therian X chromosome, which is homologous to platypus chromosome 6. Instead, we find that regions homologous to the chicken Z are scattered throughout the chain, principally on X 5 and X 3 . These results have major implications for our understanding of mammalian sex chromosome evolution.
Results

Identification and localization of BACs on platypus sex chromosomes
To aid assembly of the platypus genome sequence (Warren et al. 2008) , the Graves laboratory contributed to the physical map by FISH mapping 150 randomly selected BACs (from the female platypus library CH-236; inserts ranging from 150 to 200 kb) to female metaphase spreads. Thirty-two of these BACs that apparently mapped to platypus X chromosomes were then examined further in the present study.
These 32 BAC clones were hybridized to male platypus mitotic metaphase chromosomes ( Fig. 1) . Eighteen mapped to a single X chromosome (nine on X 1 q, two on X 3 q, two on X 5 p, and five on X 5 q), whereas 14 gave signals, not only on an X chromosome, but also on a Y adjacent to it in the chain (six on X 1 p and Y 1 q, one on Y 1 p and X 2 q, three on X 2 p and Y 2 p, two on Y 2 q and X 3 p, one on X 4 q and Y 3 q, and one on Y 4 p and X 5 p). Locations of all clones are shown on the sex chromosome map (Fig. 2 ). In addition, four genes/BACs from recent mapping studies were included in our analysis (Dohm et al. 2007; Rens et al. 2007 ; see Table 1 ). This confirms the order of the chromosomes in the chain and provides new information on the XY pairing (pseudoautosomal) regions.
Gene content of BACs on platypus sex chromosomes
To compare the position of orthologous genes across species, BAC-end sequences for 27 of the clones were obtained through the platypus NCBI BAC-end trace archive. The remaining five clones were BAC-end-sequenced using vector primers. BLAST searches of the sequences obtained for the 32 clones against the most recent platypus assembly (Ensembl Genome Browser; ornAna1 release March 2007, http://www.ensembl.org/ Ornithorhynchus_anatinus/) established to which scaffolds and chromosomes the BACs were homologous (Table 1 ). This permitted homology between the meiotic chain and the human and chicken genome to be determined.
The 32 BACs represented scaffolds that contained genes with orthologs on human (HSA) chromosomes 2, 3, 4, 5, 6, 9, and 18; and that represent chicken (GGA) chromosomes 2, 3, 12, 13,16, 17, and Z ( Fig. 2 ; Table 1 ). The majority of orthology with the chicken genome was to the Z (represented by regions of HSA 5 and 9), which was represented by 11 BACs distributed along X 5 and the long arm of X 3 . Recent studies (Dohm et al. 2007; Rens et al. 2007 ) have also identified small regions of homology with the chicken Z on X 2p and distal X 1p .
Surprisingly, not a single BAC identified on the platypus sex chromosomes represented scaffolds that shared homology with the human X chromosome. The contradiction with early gene mapping of several human X orthologs to platypus X 1 led us to further investigate the location of human X orthologs in the platypus genome.
Localization of platypus UltraContigs containing orthologs of human X genes
To discover which platypus chromosomes were orthologous to the human X, 128 markers distributed at ∼1-2 Mb along the human X chromosome were BLASTed to the most recent assembly of the platypus genome (Warren et al. 2008) . Results of the BLAST searches were manually inspected to exclude false hits. Regions of the platypus genome that were orthologous to the human X chromosome were noted. Of the 155 Mb of the human X, only 14-15 Mb had been anchored to platypus chromosomes, all to chromosome 6.
The bulk of the human X was orthologous to unanchored scaffolds. BACs to anchor these scaffolds were obtained by BLASTing part of each scaffold to the platypus BAC end trace archive. Best hits to the trace archive were examined and clone numbers recorded. These clones were subsequently obtained from BACPAC resources CHORI (BAC library CH-263) for FISH mapping. In total, 16 BACs were identified and obtained to anchor 14 unanchored scaffolds orthologous to the human X (Table 1) . Another BAC was obtained from CUGI (BAC library OA_Bb, clone 522F14) that represented a scaffold containing G6PD.
Five BACs represented four scaffolds that contained genes orthologous to the short arm of the human X distal from Xp11.23, a region (XAR) previously shown to have been added relatively recently (100-150 Mya) to the eutherian X (Graves 1995) . These BACs were mapped by FISH to chromosomes 15q and 18p (Fig. 1e ,f) in contradiction to previous assignments to chromosomes 1 and 2 by radioactive in situ hybridization (RISH) (Watson et al. 1991) .
Twelve BACs represented 10 UltraContigs that contained genes orthologous to genes on the conserved region (XCR) of the human X (Xq and proximal Xp). All these BACs were mapped to platypus chromosome 6 (Figs. 1g, 3) , in contradiction to early radioactive in situ localizations to platypus X 1 (Watson et al. 1990 ). The anchored scaffolds contained six genes (ALAS2, F8, F9, PLP1, GLA, and G6PD) that were previously mapped to X 1 by radioactive in situ hybridization. The present results indicate that no region of the human X chromosome shares homology with any of the monotreme X chromosomes (Fig. 3) .
These results confirm and extend the homology between platypus chromosome 6 and the human X that was previously established for seven XCR genes (Waters et al. 2005; Hore et al. 2007 ). However, we show here that the conserved region of the therian X is represented entirely, not partially, by platypus chromosome 6, which is rearranged with respect to the human X, opossum X, and chicken chromosome 4p (Fig. 3) .
Discussion
The basal position of monotremes in the mammalian tree places them in a unique phylogenetic position for comparison of their genomes with those of therian mammals, birds, and fish. These comparisons help to unravel the functional and evolutionary histories of mammalian genomes (e.g., Margulies et al. 2005; Wakefield and Graves 2005) . Our comparison of monotreme sex chromosomes to therian and bird sex chromosomes provides surprising new insights into the evolution of the monotreme multiple sex chromosome system and, more importantly, the evolution of therian sex chromosomes from those of an amniote ancestor.
Pseudoautosomal regions and the evolution of the meiotic chain in monotremes
The bizarre sex chromosome system of the platypus raises many questions of function and evolution. Of great significance for our 
understanding of how the multiple sex chromosome system functions is our definition of sequences shared between X and Y chromosomes that are adjacent in the meiotic chain (Fig. 2) , and that are held together at meiotic metaphase by recombination within X-Y-shared pseudoautosomal regions (PARs). PARs were previously inferred from the positions of the chromosomes in the chain at meiosis, and most (particularly the whole arm homology between X 1 -Y 1 ) could be detected using chromosome paints derived from sorted platypus chromosomes .
Of the 32 BACs mapped on the X chromosomes, 14 give a signal on one of the adjacent Y chromosomes: seven on Y 1, five on Y 2 , one on Y 3 , and one on Y 4 (Fig. 2) . Only four BACs had been mapped to platypus sex chromosome in previous studies (one to X 1 /Y 1 , one to X 2 p, one to X 3 q/Y 3 , and one to X 5 p/Y 4 ) (see Table  1 ; Fig. 2 ). We here confirmed homology between the whole arms of X 1 p-Y 1 q, and between the terminal regions of Y 1 p-X 2 q, X 2 p-Y 2 p, and Y 2 q-X 3 p, which is in agreement with homology identified previously by chromosome painting, and we also report homology between Y 4 p-X 5 p (Fig. 2) . The identification of genes in these regions shows that the PARs of these multiple X and Y chromosomes contain active genes, as do the human and mouse PARs. RNA-FISH has shown that both X-and Y-borne alleles of four PAR genes are expressed from both X and Y alleles (J.E. Deakin, T.A. Hore, E. Koina, and J.A.M. Graves, in prep.) .
The sizes and pairing relationships of the sex chromosomes provide clues to the genesis of the bizarre multiple sex chromosome system of monotremes. It has been proposed that a translocation chain was formed by recurrent translocations between sex chromosomes and autosomes, as in spiders and the evening primrose (for review, see Grützner et al. 2006) . Once autosomes were captured in the sex chromosome chain, degradation of the neo-Y chromosomes occurred, reducing the homology between chromosomes, as has been proposed for the Y and W chromosomes of standard XY and ZW systems. Platypus Y chromosomes are smaller than the X chromosomes with which they pair, as might be expected from a progressive degeneration of male-specific sequence. Hence, the continued presence of Yborne copies is likely to reflect the timing of when chromosomes were incorporated into the meiotic chain (i.e., the oldest Y sharing less homology with its paired Xs than the youngest). This supports the scenario that chainbuilding began with a sex chromosomeautosome fusion at the X 5 end (only two BACs hybridized on Y 4 ) and progressed with serial translocations toward the X 1 end (12 of our BACs hybridized on Y 1 or Y 2 ).
Platypus Y chromosomes and platypus sex determination
Paradoxically, the first data on the gene content of the platypus Y chromosomes came from the sequencing of the female platypus genome. The genes that we have identified on the Y chromosomes, using X-specific probes, may offer us clues to the identity of the monotreme sexdetermining gene.
There is no platypus ortholog of the therian testis-determining gene SRY, which is not surprising because SOX3 (from which SRY evolved) maps with other human X-borne genes on platypus chromosome 6. The autosomal location of SOX3 is consistent with the hypothesis that SRY did not acquire its sex-determining function until the part of the genome corresponding to platypus pair 6 became a proto-XY in therian mammals 165-150 Mya ).
The platypus sex-determining gene must lie on one of the platypus sex chromosomes; either a dominant male-determining gene on a Y or a dosage-dependent gene on an X. The assignment of genes to four Y chromosomes at least identifies the genomic regions that evolved into Ys, although none of the characterized Y regions are likely to bear the unknown sex-determining gene because they represent PARs and thus are identical between male and female. However, genes in regions that are adjacent on the human and chicken chromosomes may prove to contain interesting candidate genes. For instance, the unpaired part of X 5 contains the DMRT1 gene that is a candidate for sex determination in birds and for sex reversal in humans; however, it is present in two doses in females and one in males (which is the opposite situation from birds), and therefore is unlikely to play the role of sex-determining switch in platypus (El-Mogharbel et al. 2007; Wallis et al. 2007 ). Grafodatskaya et al. (2007) demonstrated that GATA4, a gene that interacts with human and mouse male gonad development, lies on the platypus sex chromosomes, but on the Y 1 /X 2 pairing region, and is therefore a poor sexdetermining candidate. Other putative sex-determining genes (genes know to play a role in vertebrate sex determination) lie on autosomes ); thus the hunt for a putative platypus sex-determining switch continues.
Gene content and evolution of the platypus sex chromosomes
The physical mapping of 32 BACs on all but the smallest platypus sex chromosome (Y 5 ) along with consideration of genes close to these BACs in the assembly give us partial information about Our striking finding is that orthology of the 10 sex chromosomes with the chicken Z is now extended from the DMRT gene cluster on X 5 (El-Mogharbel et al. 2007) , to most of the X 5 chromosome and the long arm of X 3 . In addition, Rens et al. (2007) recently found more chicken Z homologs on X 1 /Y 1 , X 2 , and also on autosome pairs, but some of those genes were PCRmapped, and the position on these chromosomes was not determined. The chicken Z is homologous to regions of human chromosomes 9 and 5. The mixture of HSA 9 and HSA 5 genes on platypus X 5 and X 3 implies that a region corresponding to the chicken Z was intact in an ancestor of monotremes and birds 310 Mya.
In addition, on the short arm of X 3 lie orthologs of GGA 2 genes, some of which lie adjacent to the chicken Z genes on human chromosome 5. The large X 1 also contains some genes whose human orthologs (on GGA 13) map near the GGA Z genes on human chromosome 5 (Fig. 2) . This implies that fusion of GGA Z, GGA 2, and GGA 13 regions occurred Bird-like sex chromosomes of platypus
Genome Research 969
www.genome.org in the mammal lineage before monotremes and therians diverged, or alternatively that an ancestral superchromosome gave rise to the Z by fission in the chicken lineage (see also Rens et al. 2007 ).
Platypus sex chromosomes are more bird-like than mammal-like
None of the BACs that we mapped to platypus X 1 contained orthologs of human X-borne genes. This is such an important but indicative finding that we decided to localize homologs of human X genes in the platypus genome. We assigned several large UltraContigs containing orthologs of human X genes to platypus chromosomes 6, 15q, and 18p (Fig. 3) . These localizations are inconsistent with early mapping using radioactive in situ hybridization with human cDNA probes (Watson et al. 1990; Wilcox et al. 1996; Mitchell et al. 1998) but consistent with later studies using FISH mapping of homologous lambda phage clones (Waters et al. 2005 ). These contradictions can be attributed to previous misidentification of Giemsa-stained pair 6 and X 1 , and to the unreliability of radioactive in situ hybridization of small heterologous human clones onto divergent platypus chromosomes. Thus, the platypus meiotic chain shares no gene homology with the therian X chromosome, whereas bird Z orthologs are scattered throughout it. The platypus sex chromosome complex is, therefore, not a link between the bird and mammal systems as previously proposed ) but is, in fact, derived from a chromosome with homology with a region on the bird Z and human associated regions (Fig. 4) .
Our findings mean that the egglaying monotreme mammals, representing the basal mammalian group, have an XY sex determination system quite unlike that of the therian mammal XY, but one derived from an ancestral bird-like ZW system.
Evolution of amniote sex chromosomes
These results demand reconsideration of the theories of sex chromosome evolution in vertebrates. Previous demonstrations that the mammal XY and bird ZW chromosomes share no homology were interpreted as independent evolution from different autosomes in a common ancestor that probably had a temperature-dependent sex determination (Nanda et al. 2000; Graves and Shetty 2001; Matsubara et al. 2006) . However, our mapping results suggest that the amniote ancestor may have had a bird-like ZZ male: ZW female sex chromosome system, from which all other unrelated ZW and XY systems evolved (Fig. 4) . Such transitions from one genetic sex determination system to another involving different sex chro- Figure 3 . The human (HSA) X chromosome compared to orthologous platypus (OAN), opossum (MDO), and chicken (GGA) chromosomes. All shades of blue are orthologous to the X conserved region (XCR) of the placental mammal X chromosome. Royal blue on the human X, opossum X, and chicken 4p were anchored to platypus chromosome 6 prior to this study; navy blue regions on these chromosomes are orthologous to unanchored UltraContigs in the platypus assembly; whereas pale blue is predicted orthology with platypus chromosome 6. Red is orthologous to X added region (XAR), and pink is the predicted orthology to platypus chromosomes 15 and 18. None of the X added orthologous regions were anchored in platypus before this study. The numbers of all unanchored UltraContigs (see Table 1 for list of anchoring BACs) are listed left of the chicken and opossum chromosomes, and right of the human X. FISH locations of BACs on platypus chromosomes 6, 15, and 18 are shown, and lines indicate orthology with the human, opossum, and chicken genomes. Some of the platypus UltraContigs have been broken up in human, opossum, and/or chicken. Vertical lines next to platypus chromosome 6 indicate that FISH could not achieve resolution between BACs.
mosomes have already been recorded in many taxa, in particular fish (for review, see Ezaz et al. 2006) .
The homology of bird Z and monotreme Xs implies a switch of sex heterogamety involving the same sex chromosomes, which was previously thought to be impossible, or at the very least unlikely. However, just such a system has been described in the frog Rana rugosa, where an XY-to-ZW transition has occurred via a hybridization event that created a male sex bias (Ogata et al. 2007) . A dominant female-determining gene was subsequently selected for, creating a ZW sex chromosome system. The new Z is homologous to the original Y in these frog populations. If an analogous event occurred in the mammalian ancestor, the monotreme X chromosomes represent an undifferentiated bird W chromosome. Hence, the switch of heterogamety occurred before the Z and W were significantly diverged from each other; thus, a switch of complicated dosage compensation systems was not required. Therefore, the considerably leaky and region-specific bird dosage compensation (Itoh et al. 2007 ), the partial monotreme dosage compensation (Deakin et al. submitted) , and therian X inactivation systems probably all evolved independently.
The transition from a female heterogametic ZW to a male heterogametic XY-based system could have been independent in the therian and monotreme lineages, since monotreme and therian sex chromosomes are nonhomologous. Under this scenario, in monotremes there must have been transition from a bird-like ZW to an XY system that was subsequently modified by recurrent translocations with autosomes, one of which may have donated, or acquired a dominant male-determining gene on a Y, or a dosage-sensitive gene on the X ). In the therian lineage, one member of an autosome pair (represented by platypus chromosome 6q and chicken 4p) acquired the dominant testis-determining gene SRY, perhaps by modification of the X-borne SOX3 gene (Graves 1998) to assume a controlling function and supplant the ancestral chicken-like ZW system. Alternatively, if the ZW-to-XY transition occurred before mammalian radiation, in therians a dominant SRY gene must have supplanted an ancestral mammalian (monotreme-like) XY system.
The differentiation of the therian X and Y therefore must have occurred after the divergence of the monotremes (∼166 Mya), but before the divergence of marsupial and placental mammals (∼148 Mya). This estimate is inconsistent with the division of the human X chromosome into four evolutionary strata by comparing synonymous nucleotide changes between X and Y shared protein-coding genes (Lahn and Page 1999) . The oldest of these strata was thought to have arisen by an inversion on the Y that isolated it from the X soon after the divergence of birds from the mammalian lineage 310 Mya (Lahn and Page 1999) . However, our results demonstrate that the upper age limit of this oldest stratum must be less than 166 million years (Myr). The mammal X and Y are, therefore, more than 145 Myr younger than previously deduced. Hence, the degradation of the human Y has been much more rapid than previously proposed, and brings forward the date of its proposed extinction (Graves 2006 ) to 7 Myr.
Conclusions
Our findings have major implications for our understanding of the evolution of the great variety of vertebrate sex determination systems. The proposal that the ancestral amniote had a genetic system mediated by a bird-like ZZ male: ZW female system has Homology between genomes, and with ancestral autosomes, is indicated by the same color. Key events are marked on the tree. (Green) A chicken-like ZW system appears to be ancestral to all amniotes, which was retained in birds and caught up in the meiotic chain of monotremes. There was a switch from ZW to XY systems independently in both therian and monotreme mammals. (Red) The region added to the sex chromosomes of placental mammals was broken independently in opossum and monotremes. (Green) The autosome orthologous to the bird Z chromosome was broken in the therian ancestor and subsequently scrambled onto several autosomes in mouse; therefore only the chromosome carrying Dmrt1 is displayed in that species.
the corollary that other sex chromosome systems such as those of therian mammals and snakes (the latter having an unrelated ZZ:ZW system) (Matsubara et al. 2006) , and even temperaturesensitive systems such as that in alligators and marine turtles, all derived from this chromosomal system. This makes it very important to understand the interaction of temperature and genetic systems in species that exhibit both (Quinn et al. 2007) , and the evolutionary forces that affect the frequency of W and Z chromosomes in systems that have XX males or ZZ females. Finally, our results demonstrate that the therian sex chromosomes evolved <165 Mya (and not 310 Mya as previously thought), which increases dramatically the rates of sex-linked gene evolution and Y degeneration.
The imminent accessibility of the complete platypus genome, the ever-growing genome data in a wide range of taxa, and future comparative gene mapping, notably involving reptiles, will test the significance of the monotreme sex determination system and will provide further insights into sex chromosome evolution in vertebrates.
Methods
A male platypus fibroblast cell line was established from skin biopsy following standard procedures and in accordance with the Australian National University Animal Experimentation Ethics Committee permit no. R.CG.07.03. and Environment ACT permit no. LI 2002 270. Chromosomes were prepared as described previously (Alsop et al. 2005 ).
Fluorescence in situ hybridization (FISH)
BAC DNA was labeled by nick-translation with Biotin-16-dUTP, Digoxygenin-11-dUTP (Roche Diagnostics). Hybridization and detection were carried out following the procedure described by Alsop et al. (2005) . Images were captured and enhanced using IPLab software (Scanalytics Inc.) . Hybridization signals were assigned to specific chromosomal regions identified by DAPI staining.
Genomic sequence analyses
For all BACs that were mapped to the platypus sex chromosomes, BAC-end sequences were retrieved from the platypus NCBI trace archive and BLASTed against the platypus assembly (Ensembl Genome Browser; ornAna1 release March 2007; http://www. ensembl.org/Ornithorhynchus_anatinus/) to determine which contig they were assigned to. Orthology with the human and chicken genomes was established by locating the genes contained in these contigs in human and chicken.
To identify platypus BACs to anchor large unanchored scaffolds orthologous to the human X, 128 cDNAs at 1-2-Mb intervals on the human X chromosome were BLASTed against the platypus assembly. Results were sorted through manually, and hits to UltraContigs were noted. These UltraContigs were BLASTed back to the platypus BAC-end trace archive, and appropriate BACs were chosen to map by FISH, thus anchoring the contigs of interest.
BAC library and end sequencing
BAC clones from a female platypus library (CH236) were obtained through BACPAC resources CHORI (http://bacpac. chori.org/).
BAC-end sequences were not available in the database for all BACs, so several were obtained using the vector primers. BAC DNA was extracted from bacterial cultures with the Promega Wizard Plus SV Minipreps DNA Purification System following the manufacturer's instructions. PCR amplifications were carried out in 10-µL reaction volumes and included 400 ng of template DNA, 4 µL of BigDye (BDTv3.1), 2 µL of ‫ן5‬ buffer, and 15 pmol of primer (SP6 and T7). The cycling conditions employed were an initial denaturation of 5 min at 95°C, followed by 99 cycles of 10 sec at 96°C/10 sec at 50°C/4 min at 60°C; reactions were then held at 4°C.
